Clinical trial designs need to control for genetic and environmental influences when examining cognitive outcomes in children for whom clinical considerations preclude randomization. However, the contributions of maternal and paternal IQ and education to pediatric cognitive outcomes are uncertain in disease populations. The NEAD Study is an ongoing prospective observational multicenter study in the USA and UK, which enrolled pregnant women with epilepsy to determine if differential long-term neurodevelopmental effects exist across four commonly used antiepileptic drugs (AEDs). Here, we examined the relationship of IQ and education in both parents to child IQ at age 3 years. IQ and education for both parents were statistically correlated to child IQ. However, paternal IQ and education were not significant after accounting for maternal IQ effects. Because maternal IQ and education are independently related to child cognitive outcome, both should be assessed in studies investigating the effects of fetal drug exposures or other environmental factors that could affect the child's cognitive outcome.
Introduction
Cognitive development may be affected by numerous genetic and environmental factors (e.g., drugs, other toxins, infections, anoxia, trauma, stroke, or psychosocial factors) [1] . Compared to adults, the developing brain is particularly susceptible to adverse effects from environmental toxins [1] [2] [3] , and this creates significant challenges for managing the treatment of women with epilepsy who are of child-bearing potential. For example, animal studies have shown that some antiepileptic drugs (AEDs) produce widespread neuronal apoptosis in the neonatal brain which is dose dependent, occurs at therapeutically relevant blood levels, and occurs after brief AED exposure [4] [5] [6] [7] [8] [9] [10] . In humans, AEDs may be associated with reduced cognitive abilities in children exposed in utero [11] [12] [13] [14] .
Many AEDs commonly used in pregnancy have not been evaluated for their effects on neurodevelopment in humans. In addition, only 12 of the 3,000 chemicals produced in the highest volumes (>1 million pounds/year) have been adequately tested for their effects on the developing brain [1] . Thus, the need for additional studies assessing potential adverse effects in the developing brain is great.
Evaluation of drug and toxin effects on the immature brain in humans requires selection of appropriate outcomes and control of many potential confounding factors since these studies are observational in nature and randomization cannot be incorporated in study design [15] . The importance of parental cognitive abilities to the success of the child is highlighted by the fact that maternal cognitive scores correlate with child achievement testing (r=.41 to .45) [16] . A common behavioral outcome in drug/toxic exposure studies is IQ since it is standardized and predictive of school performance [17] . In population-based studies, maternal IQ is the single greatest predictor of child IQ [17] . Maternal IQ reflects not only genetic influences, but also incorporates environmental factors affecting the child. However, IQ may be difficult to obtain in certain circumstance, and consequently maternal education has been frequently used as a surrogate for IQ. However, it is unclear if maternal education is an adequate surrogate.
In fetal AED studies employing maternal IQ or education, paternal IQ and education have not been assessed. There is concern that maternal IQ and education might be altered by seizures, AEDs, or other factors related to epilepsy. Thus, maternal IQ and education might underestimate the genetic and environmental contributions to the child's cognitive outcomes. If so, then paternal IQ may be an independent predictor unlike the general population where paternal IQ is not significant when maternal IQ is added to the analysis. No prior study has examined the contributions of maternal IQ and education as well as paternal IQ and education on cognitive outcomes in children of women with epilepsy who were taking an AED during pregnancy. Thus, the relative contributions of maternal and paternal IQ and education to the child's cognitive outcome are uncertain when the immature brain is exposed to AEDs. Further, it is unclear how these maternal and paternal factors are inter-related in this population. To our knowledge, the inter-relationships of maternal and parental IQ and education to child IQ have not been examined for other behavioral teratogens. The main rationale for the present analyses in the ongoing NEAD study is to provide insight into how these factors are related to the child's cognitive outcome in such a cohort in order to inform design of future studies. In the present study, we examined the relationship of maternal IQ, paternal IQ, maternal education, and paternal education to each other and to child IQ assessed at age 3 years in children with fetal AED exposure.
Methods

Design
The Neurodevelopmental Effects of Antiepileptic Drugs (NEAD) study is a prospective observational study examining possible behavioral teratogenesis of AEDs. We enrolled pregnant women with epilepsy from October 1999 through February 2004, who were being treated with one of four AED monotherapies (i.e., carbamazepine, lamotrigine, phenytoin, or valproate). Subjects were recruited across 25 epilepsy centers in the USA and UK. We recently reported on preliminary findings of cognitive outcomes in the children at 3 years old [13] . Here, we examined the relationship of maternal and paternal IQ and education to child's IQ at age 3 years.
Subjects
IRBs at each center approved the study, and written informed consent was obtained prior to enrollment. Pregnant women with epilepsy on carbamazepine, lamotrigine, phenytoin, or valproate monotherapy were enrolled. These four AED monotherapies were the most frequently employed during the enrollment time period. Other AEDs were not included because of insufficient numbers. Polytherapy was not included because of its association with poorer outcomes [14] . A non-exposed control group was not included at the direction of an NIH review panel. Mothers with IQ below 70 were excluded to avoid floor effects and because maternal IQ is the major predictor of child IQ in population studies [17] . Other exclusion criteria included positive syphilis or HIV serology, progressive cerebral disease, other major disease (e.g., diabetes), exposure to teratogenic agents other than AEDs, poor AED compliance, drug abuse in the prior year, or drug abuse sequelae.
Procedures
In addition to parental IQ and education (i.e., years education), information was collected on potentially confounding variables including maternal age, employment, race, socioeconomic status [18] , seizure/epilepsy types and frequency, AED dosages, compliance, UK/USA site, preconception folate use, use of alcohol, tobacco, or other drugs during pregnancy, unwanted pregnancy, abnormalities or complications in the present pregnancy or prior pregnancies, enrollment and birth gestational age, birth weight, breastfeeding, and childhood medical diseases. Separate investigations with very similar designs in the US and UK were merged after initiation. Cognitive outcomes were evaluated by assessors (blinded to AED). IQ in children was determined by the Differential Ability Scales [19] (conducted 36-45 months/old); standardized scores were calculated. Maternal IQs were determined by slightly different measures due to the later merger; these measures included the Test of Nonverbal Intelligence (TONI) [20] in 267 mothers, Wechsler Abbreviated Scale of Intelligence (WASI) [21] in 18, and National Adult Reading Test (NART) [22] in 18. Paternal IQ was assessed using the TONI, although there were fewer fathers available for IQ assessment than mothers. Training and monitoring of neuropsychological evaluations were conducted to assure quality and consistency. Face-to-face training on all neuropsychological test batteries was performed annually. Each assessor was required to identify errors in a videotaped test session and provide appropriate correction for errors in administration and scoring. In addition, assessors submitted their own videotape and record forms using each test instrument to the Neuropsychology Core Director for review, feedback and approval. If assessors failed, they submitted additional video assessment for approval prior to testing subjects in the study. Parental education was measured as total number of years in school or post graduate training. Note that this differs from our prior publication where education was treated as a dichotomous variable (i.e., ± high school) [13] .
Statistical Analysis
The primary analyses in this sub-study were correlations across maternal and paternal IQ and education as well as these factors to child IQ in the subset of families with child IQ and TONI IQ in both parents (n=140 children including 5 twin pairs, 135 mothers and 135 fathers). Secondary analyses included 1) correlations in all available subjects, by AED group and for all AEDs combined; 2) linear regression models, in the subset with child IQ and TONI IQ in both parents, to examine the effects of maternal and paternal IQ and education on age 3 child IQ adjusting for AED group, standardized AED dose, maternal and gestational age at delivery, and preconception folate. These covariates were found to be significantly related to the age 3 outcomes in our prior analysis [13] . In addition, regression analyses were conducted for all available subjects. Analyses were performed at the NEAD Data and Statistical Center using SAS 9.2.
Linear regression models were used to examine the effects of maternal and paternal IQ and education on age 3 child IQ adjusting for standardized AED dose, maternal and gestational age at delivery, and preconception folate. Additional covariates considered were: epilepsy/ seizure types, seizure frequency during pregnancy, employment, race (self-reported), socioeconomic status, US/UK site, alcohol and tobacco use, birth weight, unwanted pregnancy, breastfeeding, prior pregnancy birth defects and complications, present pregnancy complications, and AED compliance. AED dose was standardized relative to ranges observed within each group: 100 × (observed dose -minimum dose)/(range). The a priori hypothesis based on prior analysis [13] was that AED type, dose, maternal IQ, maternal and gestational age, and preconception folate were important covariates, and thus these were included as predictors in a linear model with child IQ as outcome. Other covariates were added individually to the model to investigate whether they were significant predictors of the outcome (at the .05 level of significance).
Child outcome data were available for 230 children; 140 children had all mother and father TONI IQ and education data available. All 230 children had maternal education and some form of maternal IQ data available. Of these, 216 of the mothers had a TONI score available while 14 from the UK had no TONI available. Of the 14 with missing TONI scores, the WASI IQ score was used in 11 and the NART score was used in 3. . Out of the 230 children, 15 had fathers with missing education data and 88 had fathers with missing IQ data. To eliminate concerns about possible systematic differences across the various parental IQ measures, our primary analysis focuses on the sample of n=140 with complete maternal and paternal TONI and education data. Secondary analyses consider the entire sample of 230 children with complete age 3 IQ outcome data. In this analysis, no attempt was made to consider the effect of missing data in the 81 children with missing child IQ outcome data.
See our prior analysis for further discussion [13] . Instead, we limit considerations here to the sample with complete outcome data.
Results
The primary analyses included 135 mothers, 135 fathers, and 140 children (5 sets of twins). Similar analyses were also conducted on all subjects available: 304 mothers, 157 fathers, and 230 children (5 sets of twins). Mean IQs (standard deviations) for the subgroups are listed in Table 1 . Pearson correlation r values (95% confidence intervals (CIs)), p values, and sample sizes for parent comparisons are listed in Table 2 and for child-parent comparisons in Table 3 for both the subset with 140 children and the group with all available subjects. Both IQ and education were significantly correlated for each parent, between parents, and to child IQ. Child IQ was correlated with most parental IQ and education comparisons for carbamazepine, lamotrigine and phenytoin. In contrast, no parental IQ or educational measures were correlated with child IQ for the valproate group.
Statistical results for the secondary analyses are presented in Table 4 for the 140 child sample and in Table 5 for all subjects available. In the group with 140 children, maternal IQ was significant, but maternal education and paternal IQ and education were not. Both maternal IQ and education were independently related to child IQ in the analysis using all subject available.
Discussion
The present report sought to determine the relationship of maternal and paternal IQ and education to cognitive outcomes in children with fetal AED exposure. The main finding is that maternal IQ and education are independently related to child cognitive outcome, and that paternal factors add no additional predictive value. Although both the IQ and education of both parents are statistically related to the child's IQ, paternal effects are not significant after accounting for the effects of maternal IQ. There are at least three reasons why paternal IQ and education may not predict the child's cognitive outcome. First, it may be that paternal IQ and education are so closely related to maternal IQ and education that they add no additional predictive value to child cognitive outcome; this possibility is supported at least in part by our analyses. Second, the child may spend more time with the mother so that the environmental influences related to maternal IQ and education may have a greater effect. Finally, unlike maternity, absolute confirmation of paternity requires genetic testing.
Thus, clinical trial designs should include assessments of both maternal IQ and education when examining cognitive outcomes in children in observational studies when randomization cannot be incorporated into the trial design. These factors should be assessed along with other potential confounding factors. If the child outcome is not IQ, then maternal IQ may still be important, but this issue has not been directly assessed.
In the general population, IQ correlations between spouses range from .37 to .61 [23] [24] [25] ; the mother-father IQ correlation in our study of .38 is at the lower end of this range. In our study, the correlations of child IQ to maternal (r=.38) and paternal (r=.37) education are similar to correlations of child IQ to maternal (r=.41) and paternal (r=.35) education in the general population [26] . IQ correlations for parents and child in the general population are approximately .42 [16] , which is similar to what we found for child IQ to maternal IQ (r=.38 across all 4 AEDs) but greater than paternal (r=.23 across all 4 AEDs) IQ. When individual AEDs are examined, none of the parental factors (i.e., maternal and paternal IQ and education) were significantly related to child IQ in the valproate group. In contrast, most of the parental measures were related to child IQ in the other AED groups.
Strengths of our study include its prospective design, blinded cognitive assessments using standardized measures, and detailed monitoring of multiple potential confounding factors. However, caution is advised due to study limitations, which include a relatively small sample size, loss of enrolled subjects to analysis, lack of randomization, and lack of an unexposed control group during pregnancy. Different IQ measures were used in the child and parents similar to population studies. Other limitations are the relatively young age of the children at this planned interim analysis. However, it should be noted that the correlation of IQ at age 3 years compared to 21 years is r=.70 (uncorrected) and R=.87 (corrected for unreliability) [27] .
To emphasize the importance of the issues being addressed, the potential economic impact of recent findings on valproate is highlighted. The USA National Center for Health Statistics reported 4.3 million births in 2007 [28] . Since 3 to 5 births per thousand are to women with epilepsy, there are 12,951 to 21,585 children born to women with epilepsy each year [(3 -5/1000) × (4.317 million births)]. The average incremental cost for a special education student (i.e., above and beyond the cost of a regular student) is $7,500 per year in 2009 dollars [29] . Special education is required in 10-35% of AED-exposed children due to neurodevelopmental deficits [30] . Thus, the lifetime costs of special education costs for children born to women with epilepsy each year could reach $793 million = (7,554 children of women with epilepsy need special education) × ($7500 special education costs/year) × (14 years of preschool, elementary and secondary school special education). When examining longer-term financial effects, each single IQ point loss is associated with a loss of income in 2009 dollars of $17,870 (range=$15,650-$21,200) based upon the pediatric lead exposure literature [31] .
Based on CDC data, valproate was the second most prescribed AED to women with epilepsy who were of childbearing potential from 1999 -2006 (the last year available). Valproate comprised 20% of all AED prescriptions in 2006 to women with epilepsy. Since less than half of prescriptions for valproate are for seizures or epilepsy (i.e., most for pain and psychiatric indications), the number of children exposed would be at least doubled. Based on these facts and the data presented above, we can calculate that approximately 8,634 children are exposed in utero to valproate each year. Since 30% of children exposed to valproate need special education [30] , the annual costs for special education in the USA each year due to valproate exposure would be $272 million dollars. Further, the loss in lifetime earnings for children exposed each year to valproate would be $1.08 billion based on a 7 IQ point drop and number of valproate exposures in 2006. Note that this is a conservative estimate given that the IQ drop from valproate ranged from 7-9 points in our age 3 data, 7-15 points in retrospective study, 6-12 points and 13-14 in prospective studies [11] [12] [13] 32] .
Further studies are needed to confirm our findings and to extend investigations to other AEDs and environmental toxins. In addition, research is required to understand mechanisms adverse effects of AEDs and other chemicals on the immature. 3 AED dose was standardized relative to ranges observed within each group: 100 × (observed dose -minimum dose)/(range). 3 AED dose was standardized relative to ranges observed within each group: 100 × (observed dose -minimum dose)/(range). Epilepsy Behav. Author manuscript; available in PMC 2012 June 1.
